A transducing phage, designated Om, was isolated from a lysogenic strain of Proteus mirabilis and was characterized with respect to its physical and genetic properties. The phage contains double-stranded deoxyribonucleic acid (DNA) with an S20.W°of 29 which corresponds to a molecular weight of 24 x 106 daltons. The base composition of Om DNA was estimated to be 40% guanine plus cytosine on the basis of the buoyant density of the DNA. Om carries out generalized transduction of chromosomal genes in P. mirabilis at a frequency of 5 x 10-8 to 2 x 10-6 per adsorbed phage. To obtain R-factor transduction, it was necessary to have a resident R factor in the recipient cells. In these experiments, different combinations of genetically distinguishable R factors were used in the donor and recipient cells. The frequencies of R-factor transduction were 10-9 to 2 x 108. The transduction of R factors using an R-recipient could not be detected. Transductant R factors were usually recombinant between donor and resident R factors. All of the transduced R factors were transferable by conjugation. A plausible explanation for the requirement for a resident R factor in the recipient cells is that Om transduces only a portion of the R-factor genome and therefore requires a resident R factor for genetic recombination. The reason for the low frequencies of R-factor transduction is not known, but some possible interpretations have been discussed.
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The transduction of bacterial episomes or plasmids, such as phage X, F factors, colicinogenic factors, R factors, and penicillinase-producing plasmid by bacteriophages has been demonstrated in Escherichia coli K-12, Salmonella, Shigella, and Staphylococcus aureus (4, 14) . The transduction of R factors mediated by phage Plkc was first described in Shigella and E. coli K-12 by Nakaya et al. (19) . These observations have been confirmed and extended subsequently to other transduction systems (II, 3 1) . Both genetic and molecular studies have shown that the entire genome of the R-factor NRI is usually transduced by phage Plkc (19, 24) . On the other hand, only a fragment of the R-factor genome is usually transduced by phages P22, E,15 or e34 (11, 31) .
Coetzee and his co-workers (6) (7) (8) (9) 20) have described a number of general transducing phages in members of the Proteus-Providence ' Presented in part at the 68th Annual Meeting of the American Society for Microbiology, Detroit, Mich., 5-10 May, 1968. 2On leave from the National Institute of Health, Tokyo, Japan. Present address: Department of Microbiology, Institute of Public Health, Shirokanedai, Minato-ku, Tokyo 108, Japan. 773 group of organisms. These phages were characterized with respect to their morphological and chemical properties (21) . B1ohme (5) has also described transduction of chromosomal genes in Proteus mirabilis. However, there have been no reports on the transduction of R factors in Proteus species. In this communication, we wish to describe the properties of a general transducing phage in P. mirabilis which is also able to transduce R factors. The frequency of R-factor transduction is very low, and it is necessary to have a resident R factor in the recipient cells to obtain the transduction of R factors. As described previously, there are multiple copies of R factors per host cell when these extrachromosomal genetic elements are harbored by P. mirabilis (16, (22) (23) (24) 35 Table 2 . The R factor NRI was originally isolated from Shigella flexneri 2b 222/CTS and was characterized by Nakaya and coworkers (19, 24, 25) . This R factor has also been extensively characterized by a number of other investigators who have referred to it by other designations such as R222 (10, (29) (30) (31) or RIOO (12, 13, 26) . NR84 was harbored by a strain of S. dysenteriae I which was isolated from nature (Y. Yoshida, in preparation).
Media. Growth of bacteria and phage dilutions were made in Penassay broth (Difco). Minimal agar supplemented with the required growth factors used for E. coli was previously described (24) Transduction procedure. The procedure employed was essentially the same as described by Lennox (17) . Recipient bacteria were collected by centrifugation from a culture containing about 5 x 109 cells per ml and were resuspended in Penassay broth at a density of 3 x 109 cells per ml. The suspension was incubated in a water bath at 37 C for 10 min with shaking to give maximum adsorption of phage. After mixing the phage lysate with recipient cells at a multiplicity of infection of 0.1 to 0.6 phage per cell, adsorption was allowed to proceed for 90 min at 37 C. The bacteria were then sedimented, and the supernatant was assayed for free phage to estimate the adsorption frequency. The pellets were suspended in sterile saline, and portions were plated on appropriately supplemented minimal agar for selection of transductants and measurement of bacterial survival. In control experiments to estimate spontaneous mutants, tubes were inoculated with broth instead of lysates. In addition, portions of lysates and broth were spread on BS agar for sterility tests immediately before bacteria were added. Colonies were scored after 3 to 5 days of incubation at 37 C.
Test for phage immunity. Immunity of P. mirabilis clones to phage Om was examined by cross-brushing on BS agar. A loopful of the lysate with a titer of 5 x 1010 phage per ml was streaked on a plate, and then a loopful of an overnight broth culture was crossstreaked. Lysis was read after 8 to 18 hr of incubation at 37 C.
Mating methods. Transfer of drug resistance by bacterial mating was performed as follows. Drug-free broth cultures of transductants used for scoring unselected markers were employed as donor. The broth cul-775 tures of E. coli K-12, grown to a concentration of about 3 x 109 per ml, were employed as recipient. A mixture of I ml of donor, I ml of recipient, and 2 ml of fresh broth was incubated at 37 C for 18 hr, and portions were plated on selective agar. To score unselected markers of the drug-resistant colonies grown on these plates, the colonies were picked up with sterile toothpicks and streaked on selective agar. When more critical experiments were needed, the methods described previously (24) were followed.
Purification of phage. A 500-ml culture of P. mirabilis strain >S-I/NRI was cultured in drug-free Penassay broth at 37 C. At a cell density of 108 per ml of phage lysate was added at a multiplicity of infection of 0.5, and shaking was continued for an additional 3 hr until lysis occurred. Chloroform was then added to the lysate. Bacterial debris was removed by centrifugation at 16,300 x g for 20 min. The clarified lysates were then passed through a membrane filter (0.22-Am pore size) twice. The phage were pelleted by centrifugation at 54,500 x g for 90 min at 4 C in a Spinco no. 30 angle rotor. The phage were resuspended in 0.05 M phosphate buffer solution (pH 6.8) and filtered through a membrane filter. The suspension was treated with chloroform and centrifuged in an angle centrifuge (Sorvall type A) at low speed to remove insoluble particles. After the supernatant was passed through a membrane filter, the phage was repeatedly pelleted as described above and suspended in the buffer solution. The final suspension showed a titer of 3 x 1011 active phage per ml.
Preparation of phage DNA. Phage DNA was extracted by the phenol method of Mandel and Hershey (18) . The resulting solution contained 32 Ag of DNA per ml, and the ratio of the absorbance at 260 nm to that at 280 nm in a Gilford spectrophotometer was 1.72.
Preparation of denatured DNA. Phage DNA (8 ,ug/ml) was denatured by heating in SSC (0.15 M NaCl plus 0.015 M trisodium citrate) at pH 7.0 for 5 min at 100 C and then quickly chilling in ice water. A sample of phage DNA was also alkali denatured at pH 12.6 at 8 ,ug per ml, immediately before addition at 1.6 gg per ml to buffered tris(hydroxymethyl)aminomethane (0.02 M Tris, pH 8.0) CsCI solution. Ultracentrifugation. CsCl density gradient centrifugation was carried out as described previously (23, 24) . (Table 4) . Since all of the chromosomal genes which were examined were found to be transduced, it appears that phage Okm is a general transducing phage. The transduction frequencies which were observed are comparable to those reported for other general transduction systems in Proteus-Providence, E. coli, and Salmonella groups of organisms. In these experiments a chromosomal tetracycline (TC) resistance marker of the P. mirabilis strain used in these studies was transduced to a TC-sensitive derivative (OS-3) at a frequency which was comparable to the transduction frequency of other chromosomal genes. This is in contrast to the transduction of R factor-mediated TC resistance which, as described below, was transduced at a considerably lower frequency. The TC resistance of chromosomal transductants could not be transferred to an E. coli recipient strain by bacterial mating, whereas the TC resistance of R-factor transductants could be transferred.
Transduction of R factors. To examine the transduction of R factors in P. mirabilis, the R factors NR84, NR84-1, NR84-2, NRJ, and NRI-2 were transferred to strain OS-3 by bacterial mating. Although all of the other OS strains harbor a chromosomal TC resistance gene (Table 1) , kS-3 is a TC-sensitive derivative which was isolated by mutagenesis and penicillin selection. Thus, by employing 4S-3 (either R-or R') as both the recipient and the donor strain, the transduction of R-factor TC resistance genes could be examined. When the recipient cells did not harbor a resident R factor in transduction experiments, the average number of drug-resistant recipient colonies was no higher than the frequency of spontaneous mutation; in this situation the transduction frequency was listed as zero in Table 5 . Transduction of R-factor genes was observed at a low frequency in all of the other experiments in which the recipient cells did harbor a distinguishable R factor. The relative transduction frequencies of different resistance genes was variable within each experiment, depending on the selective markers employed. We have no specific explanation for this finding, except to mention the following two points. First, the total number of transductants in any experiment was quite low because of the low frequency of transduction of R-factor genes. This would result in considerable statistical variation in the transduction frequencies. Second, when only a single drug was used to select for transductants, it was necessary to use a drug concentration which prevented growth of spontaneous chromosornal mutants to the drug in question. For example, when used alone, it was necessary to use 100 ug of chloramphenicol (CM) per ml since spontaneous chromosomal mutants were observed at lower concentrations of CM. CM transductants were not observed at 100 lg/ml. When used in combination with other antibiotics, CM was used at a concentration of 25 ,ug/ml (Table 3) . Under these conditions, CM transductants were observed (Table 5 , experiment 12). Thus, the variation in transduction frequency of different drug markers may be due to the fact that not all potential transductants actually form colonies on plates containing higher concentrations of some of the drugs employed.
Because of the low frequency of transduction of R-factor genes, several experiments were carried out to rule out the possibility that the phage lysates might be contaminated with R+ donor cells. In these experiments, OS-3 harboring NR84 was used to prepare a phage lysate, and 4S-4 harboring NRI-2 was used as the recipient strain. To assure sterility, the phage lysate was passed through a membrane filter having a pore size of 0.22 ,um. Essentially the same transduction frequencies were observed for both chromosomal and R-factor genes as in the experiments using unfiltered lysates described previously (Table 6). Several hundred transductants were examined in this experiment for the possibility of cotransduction of chromosomal or R-factor genes. Cotransduction was not observed (Table  7) . These data also show that the transductant clones had the same phenotype as the recipient cells employed in these experiments except, of course, for the markers acquired by transduction. Finally, it should be recalled that the average number of drug-resistant recipient colonies was no higher than the frequency of spontaneous mutation in transduction experiments, when the recipient cells did not harbor a resident R factor, also showing that the phage lysates were not contaminated.
Drug resistance pattern of R-factor transductants. To analyze the nature of R-factor transduction in P. mirabilis in further detail, R+ transductants from a number of different experiments were examined for their resistance pattern 
OS-I (thi+)
4S-7 (thi-) thi+ 1.7 x 10-6 a Phage lysates prepared on the donor cultures were mixed with recipient bacteria. The mixtures were incubated at 37 C for 90 min, and then portions were plated on selective agar. The multiplicity of infection ranged from 0.1 to 0.6 phage per cell. The transduction frequency is the average number of transductant colonies per adsorbed phage. The frequencies of spontaneous mutants in the control cultures without phage infection were: TC12.5, 10-9; TC25, <5 x 10-1'; leu+, 3 x 10-9; gal+, trp+, met+, and thi+, < 10-9.
h Minimal inhibitory concentration of tetracycline for 4S-4 is 75 gg/ml.
c Minimal inhibitory concentration of tetracycline for OS-3 is less than 5 ug/ml. b Average number of transductant colonies per adsorbed phage. When the average number of drug-resistant colonies was the same as the frequency of spontaneous mutation, the transduction frequency was listed as zero.
c In these experiments, the recipient cells were spread on plates containing drugs appropriate for the selection of transductants of donor R-factor resistance markers.
d Drugs in parentheses were added together with the selective drugs. (Table 8 , experiment 9). In the former case, the three TC transductants could be assumed to be the donor R-factor itself. However, since a resident R factor was required in the recipient cells to obtain transductants, another explanation is also possible. It may be that the transduced TC genes of the donor R-factor recombine with the resident R-factor and the other drug resistance genes of the resident R-factor are lost by segregation. R-factor segregants harboring only TC resistance are the most common type of segregants which are observed for the R factors employed in our experiments. On this basis, we tentatively classified these transductants as donor (or recombinant).
The observation that Om was incapable of transducing ampicillin (AP) and TC resistance simultaneously (Table 8 , experiments 13 and 14) suggests that the phage does not incorporate the entire genome of the R-factor NR84 in the formation of transducing particles. Since Om can transduce AP, CM, sulfonamide, streptomycin, and spectinomycin simultaneously (Table 8 , experiment 6), it appears that these markers are closely linked on the R-factor NR84.
Nonsegregation of drug resistance markers of R factors in transductants during conjugation with E. coli. Additional evidence in support of the conclusion that the transduced R-factor genes are recombined with the resident R-factors was obtained in the following experiments. A total of 31 purified R+ transductant clones from experiments 2 (I clone), 3 (2 clones), 4 (I clone), 6 (10 clones), 7 (4 clones), 9 (7 clones), 11 (2 clones), 12 (2 clones), and 13 (2 clones) in Table 8 were mated with E. coli K-12 W-677. R+ E. coli colonies were selected on plates containing single drugs which were specific to either the donor R factors (14 mating experiments) or the resident R factors (17 mating experiments) of the original transduction experiments. Ten R+ E. coli clones were picked in each mating experiment and tested for unselected drug resistance markers. In every instance, the R+ E. coli clones showed the same drug resistance pattern as the R+ P. mirabilis transductant clones which were used as donor in the mating experiments. Since at least some segregation of drug resistance markers would have been expected if the resistance genes resided on separate R factors, these findings suggest that the drug resistance genes of donor and resident R factors are recombined in the R+ transductant clones.
Immunity of transductants to phage Om. All of the transductants for both chromosomal and Rfactor genes which were tested were found to be immune to phage Om. Five R+ transductants were examined to determine whether immunity to Om was associated with the transduced R factor. These transductants were mated with E. coli K-12 and R+ clones of E. coli were isolated and purified. The R factors were then transferred back to P. mirabilis, and the R+ clones were examined for immunity to Om. All were found to be sensitive to the phage. This suggests that the immunity of the transductants to Om is due to a secondary infection by Om which results in lysogenization rather than to an association of the phage genome with the transduced R factor.
DISCUSSION
The phage Om which we described appears to be a general transducing phage since it was able to transduce all chromosomal markers which were examined. It is morphologically distinct from other Proteus phages previously described (21) and also differs from phage Kl (5) in its host range (R. Nakaya and K. Seki, unpublished data). Although the mechanism of the sensitivity of Om to methylene blue is not known, this also appears to be a distinct property.
The base composition of Om DNA (40% GC) was found to be the same as that of its bacterial In our experiments, the transduction frequencies of chromosomal markers were about 10-6 to 10-7 per phage particle which are comparable with those observed in other general transducing systems. The transduction frequencies of Rfactor genes, however, were considerably lower and were in the range of 10' to 2 x 10-8 per phage particle. These values are significantly lower than those observed for R-factor transduction by phage Plkc in E. coli (19, 31) between them. However, a resident R-factor could be available for genetic recombination and thus fulfill this function. This would explain both the necessity for a resident R factor in the recipient cells as well as our findings that donor Rfactor genes have always recombined with the resident R factor. It is also possible that the resident R factor is required to supply some unknown product necessary for the establishment (replication) of the transduced R factor and that recombination between the two occurs at a later time. At present, there is no evidence to support such an hypothesis.
Our previous experiments have shown that there are multiple copies of R factors per cell in P. mirabilis (16, (22) (23) (24) (25) . Since a transduced Rfactor fragment could only recombine with one R factor in a recipient cell, initially only one of the R factors in a transduced cell would harbor donor drug resistance genes. On the other hand, in our experiments in which R factors from purified transductant P. mirabilis clones were transferred by bacterial mating to an E. coli recipient, all of the resulting RI E. coli clones had the same drug resistance pattern as the RI P. mirabilis transductants used as donors in these experiments. This was observed irrespective of whether a drug resistance marker specific to either the donor or the resident R factor in the transduction experiments was used in the selection of the RI E. coli clones in the mating experiments. These findings indicate that purified RI transductant P. mirabilis cells harbor only recombinant R factors rather than a mixture of recombinant and resident R factors. This raises the question as to how transductant cells which initially harbored only one recombinant R factor in the multicopy pool of R factors are converted to a state in which all of the R factors are recombinant during the purification of an RI transductant clone.
Two mechanisms may be considered to explain this finding. Although there are multiple copies of R factors per cell in P. mirabilis, there is a determined number of R factors per cell which are selected at random for replication during the bacterial division cycle (16, 22, 23) . Owing to random selection, the number of recombinant R factors selected for replication during the division cycle of a particular cell might exceed the number expected from their actual representation in the multicopy pool. Since there is a determined number of R-factor replications during the division cycle, the number of resident Rfactor replications would be correspondingly diminished. Another way would be at the level of R-factor segregation at cellular division. If the multicopy R-factor pool is segregated randomly at division, then some daughter cells might receive a higher proportion of recombinant R factors than their sister cells. Either of these mecha-782 nisms would result in an enrichment of recombinant R factors and a corresponding decrease in the proportion of resident R factors within individual cells. Cells in which recombinant R factors have been enriched should grow more rapidly on plates containing drugs specific to the donor (and hence recombinant) R factors, since these cells would harbor the largest number of copies of donor drug resistance genes (26) . Thus, growth of transductant cells to form clones on plates containing donor-specific drugs would be selective for cells harboring the greatest enrichment of recombinant R factors. After a large number of cell divisions during purification, R+ transductant cells would harbor essentially only recombinant R factors since this situation would make possible the largest number of copies of donor-specific drug resistance genes per cell.
